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ABSTRACT

The purpose of this study was to analyze the potentiality of an integrated membrane process
for the treatment of Nixtamalization wastewaters (well known as Nejayote). In particular, a
sequence of one microfiltration (MF) pre-treatment step followed by two ultrafiltration (UF)
processes was investigated on laboratory scale operating in selected process conditions.
The performance of selected membranes in terms of productivity, fouling index, and water
permeability recovery was evaluated and discussed.

The produced fractions were analyzed for their total soluble solids (TSS), total solids con-
tent (TSC), pH, electrical conductivity, turbidity, total polyphenols, total carbohydrates and
total organic carbon (TOC). The rejection toward compounds of interest was evaluated. On
the basis of experimental results, an integrated membrane process for the treatment of
Nejayote was proposed. The conceptual process design permitted to achieve three streams
as valuable products: a fraction enriched in carbohydrates, a fraction with high content
of calcium components and clear fraction enriched in phenolic compounds. The obtained
solution enriched in carbohydrates is of interest for preparing formulations to be used in
food industry. Besides, the solution enriched in polyphenols can be used in cosmetic or
pharmaceutical applications. Finally, the integrated membrane process used in this study
can be used to fractionate Nixtamalization wastewaters as well as avoid the water and
environmental pollution by the effluent.
© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

germ, dietary fiber and endosperm (Acosta-Estrada et al,
2014). Nixtamalization process is carried out in Mexico, Cen-

The maize (Zea mays) processing industry generates large
amounts of wastewaters due for Nixtamalization process as
pretreatment, which is the basis of the commercial meth-
ods to produce products such as instant corn flours, tortilla
and other corn-based foods (Rojas-Molina et al., 2008, 2009;
Gutiérrez et al., 2007). In common process, the maize grains
are cooked in a saturated calcium hydroxide solution; the
grains are separated from the alkaline solution in order to
obtain the Nixtamal product (Valderrama-Bravo et al., 2012).
The alkaline solution is well known as Nejayote; within this
extract several parts of the grain are lost such as pericarp,

* Corresponding author. Tel.: +52 55 57296000x56477.
E-mail address: jyanezfe@ipn.mx (J. Yanhez-Fernandez).
http://dx.doi.org/10.1016/j.fbp.2015.03.006

tral America, United States and parts of Europe, a traditional
process requires a large volume approximately, 75L of water
is used to process 50kg of corn kernels, meaning that a simi-
lar amount of alkaline wastewater is produced (Nifio-Medina
et al., 2009). Salmeron-Alcocer et al. (2003) reported that a
production of 600 Ton corn/day generates between 1500 and
2000 m? of Nejayote, the estimated monthly volume generated
in Mexico is about 1.2 millon m3.

This wastewater contains significant amounts of solu-
ble and insoluble solids consisting of organic and inorganic
compounds, the physicochemical properties of Nejayote

0960-3085/© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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reported by Valderrama-Bravo et al. (2012) are pH (11.39),
total solids (2.28%), ash (0.767%), carbohydrates (0.862%), elec-
trical conductivity (4510.12 nScm™1), total suspended solids
(8342.5mgL~1), turbidity (963.3NTU) and chemical oxygen
demand (40058.14 mg0, L~1). However, it has been reported
the presence of bioactive compounds in this wastewater as
carbohydrates such as arabinoxylans (Nino-Medina et al,
2009; Ayala-Soto et al., 2014), dietary fiber (Acosta-Estrada
et al,, 2014) and polyphenols (Gutiérrez-Uribe et al., 2010;
Lopez-Martinez et al., 2009) such as hydroxycinnamic, p-
cumaric, feluric, dehydrodiferulic and dehydrotriferulic acids
(Ayala-Soto et al., 2014), but these authors do not describe
the method used for separating these chemical compounds
from the flowing liquid. Taking into account the characteris-
tics and its chemical composition of this alkaline wastewater,
there is strong evidence that the effluent contribute to the
water and environmental pollution due to its high biological
oxygen demand (BOD) and chemical oxygen demand (COD)
(Gutiérrez-Uribe et al., 2010). Nejayote is directly discarded
with additional water treatment cost with environmental laws
but there are few studies about agro-industrial applications.
The extract has been treated to obtain raw material employed
as an ingredient to improve boiler foods (Velasco-Martinez
et al., 1997), to enrich bread (Acosta-Estrada et al., 2014) or
tortillas (Gutiérrez-Uribe et al., 2010).

The water pollution by this wastewater can be avoided
trying to recover components from the water stream. Until
now, the treatment of Nejayote by membrane operations has
been no reported and less has no used as via of recovery
of components derived from the wastewater. Microfiltration
(MF) and ultrafiltration (UF) processes have been successfully
employed for the recovery, purification and concentration of
bioactive compounds from different wastewaters such as arti-
choke wastewaters (Conidi et al., 2014), orange press liquor
(Conidi et al., 2012), olive mill wastewaters (Cassano et al,
2013) and winery sludge (Galanakis et al., 2013).

In this work, membrane operations are proposed as an
alternative for the treatment of Nejayote. An integrated mem-
brane process based on the use of MF and UF processes
was investigated in order to fractionate the Nejayote extract
and exploit their high molecular weight components such as
suspended solids, calcium components, polyphenols and car-
bohydrates. In particular, the Nejayote extract was submitted
to a preliminary cross-flow MF process in order to recover
parts of the grain (fiber, endosperm, pericarp) and suspended
solids of high molecular weight. The MF permeate was then
processed by two different UF membranes; a concentrated
solution in carbohydrates was obtained by 100 kDa membrane,
the permeate was then submitted to a 1kDa membrane, a
concentrated solution rich in calcium components was pro-
duced and finally, a clear solution enriched in polyphenols
was obtained. The rejection toward compounds of interest was
evaluated.

The performance of the selected membranes was also
determined in terms of productivity, fouling index and recov-
ery of hydraulic membrane permeability.

2. Materials and methods
2.1. Solutions and reactants
2.1.1. Preparing the extracts

To prepare Nejayote, Nixtamalization was carried out as fol-
lows: total of 5kg of corn was cooked during 38 min at 92°C in

a solution prepared with 50 g of calcium hydroxide (Nixtacal-
Mexico) dissolved in 10L of water. Then corn kernels were
rested during 12 h; the Nejayote (cooking liquor) was drained
by decantation. The extract was then stored at —17°C until
used.

2.2.  Experimental set-up and procedures for the
treatment of Nejayote by membranes

2.2.1. Selection of the feed flow rate condition in MF and

UF membranes

In order to find the optimal feed flow rate of Nejayote in the
membranes. The influence of the feed flow rate on permeate
flux at 25°C at optimal transmembrane pressure was ana-
lyzed. Same experiments were carried out for all membranes
according to the procedure described by Cassano et al. (2007),
the maximum permeate fluxes were found at 58L.h~?! for all
membranes.

2.2.2. Microfiltration treatment

Nejayote was submitted to a preliminary MF process in order
to eliminate suspended solids and high molecular weight
compounds to reduce fouling phenomenon in the next UF
processes. MF experiments were performed using laboratory
unit, the MF unit was equipped with a polysulfone hollow
fiber membrane module (Amersham Biosciences Corp., Model
CFP-1-E-4A, USA) with nominal pore size of 0.2 pm.

The MF system was operated at a TMP of 1.3+0.03bar,
at an axial flow rate (Qs) of 58Lh~! and a temperature of
25+ 1°Caccording to the batch concentration mode (recycling
the retentate stream and collecting separately the permeate).
Permeate fluxes were measured up to volume reduction factor
(VRF) of 7. The VRF was defined as the ratio between the initial
feed volume and the volume of resulting retentate according
to the following Eq. (1) (Garcia-Castello et al., 2011):

Vg Vp
VRF= — =1+ —
VR + VR

1)
where Vg, V, and V; are the volumes of feed, permeate and
retentate, respectively.

2.2.3. Ultrafiltration treatment

Permeate obtained from MF was submitted to a UF step. The
UF step was performed using a laboratory unit with feed tank,
and peristaltic pump, a water bath at constant temperature
was used to avoid significant increasing in the fluid temper-
ature, a manometer and pressure-regulating valve. The UF
unit was equipped with two different polysulfone hollow fiber
membranes (Amersham Biosciences Corp., Model UFP-100-E-
4A & UFP-1-E-4A, USA) of 100 and 1kDa. The specifications of
the membranes are reported in Table 1. UF experiments were
carried out according to the recirculation configuration at an
operating temperature of 25 + 1 °C at different transmembrane
pressures (0.3, 0.6, 1.0, 1.3 and 1.7 bar) in order to find the opti-
mal pressure that provides the limiting flux for carrying out
batch concentration configuration.

The experimental runs were performed according to the
batch concentration mode up to a final VRF of 6, at TMP
of 1.3bar and VRF of 5, at TMP of 1.7 bar for 100 and 1kDa
membranes, respectively. The system was operated at a tem-
perature of 25+ 1°C. The feed flow rate was fixed at 58 Lh~1.

For MF and UF steps, the permeate flux was measured
gravimetrically as the change of permeate weight with time
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Table 1 - Specifications of the membranes used for the treatment of Nejayote.

Membranes MF UF UF
Manufacturer Amersham Biosciences Amersham Biosciences Amersham Biosciences
Membrane type CFP-1-E-4A UFP-100-E-4A UFP-1-E-4A
Nominal pore size (pm) 0.2 - -
MWCO (Da) - 100,000 1000
Membrane surface area (cm?) 420 420 420
Membrane material Polysulfone Polysulfone Polysulfone
Configuration Hollow fiber Hollow fiber Hollow fiber
pH operating range 2-14 2-14 2-14
Temperature range (°C) 2-80 2-50 2-50
Transmembrane pressure operating range (bar) 0.4-3 0.4-3 0.4-3

using a digital balance, the permeate flux of productivity was 2.4.1. Polyphenols

expressed inkgm~2h~1. Samples of feed, permeate and reten-
tate taken during experimental runs were kept in the freezer
(=17 °C) until analysis.

2.3.  Membrane properties: water permeability, fouling
index and cleaning efficiency

According to the Darcy’s law (Strathmann et al., 2006):

Jv
Lp= AP 2
the water permeability (Lp) of each membrane was deter-
mined by the slope of the straight line obtained plotting the
water flux (Jv) values, measured in fixed conditions of tem-
perature (25°C) against the applied transmembrane pressure
(Ap).

The fouling index (), expressed as a percentage drop in
water permeability, was performed by measuring the water
permeability before and after treatment of Nejayote, according
the following equation:

_ (1 1),
u_( L%)1w 3)

where Lpy and Lp; are the water permeabilities measured
before and after treatment of Nejayote, respectively.

After treatment of Nejayote, MF and UF membranes were
submitted to an enzymatic cleaning with Ultrasil 67 (Ecolab,
Minnesota, USA) at 0.5% (v/v) (60 min, 55 °C). At the end of each
cleaning procedures membranes were rinsed with tap water
for 30 min and water permeability was measured again.

Cleaning efficiency was evaluated by using the flux recov-
ery (FR,%) method (Chen et al., 2006) according to the following
equation:

Lp,
FrR=|( —=]-100 4
R (Lpo> (@

where Lp, is the water permeability measured after enzymatic
cleaning.

2.4.  Physico-chemical parameters evaluated on
Nejayote

Feed, permeate and retentate samples coming from different
membrane operations were analyzed in terms of Total solu-
ble solids (TSS), polyphenols, total carbohydrates (as sugars),
electrical conductivity, pH, turbidity, total solids content (TSC)
and total organic carbon (TOC).

Total phenols were estimated colorimetrically by using the
Folin—Ciocalteu method (Singleton et al., 1999). The method
is based on the reduction of tungstate and/or molybdate in
the Folin-Ciocalteau reagent by phenols in alkaline medium
resulting in a blue colored product (Amax=756nm), results
were expressed as mggallic acid L.

2.4.2. Total carbohydrates

The total carbohydrates as sugars were estimated colorimetri-
cally by using Dubois method (Dubois et al., 1956); results were
expressed as mg glucose mL~1.

2.4.3. Total soluble solids (TSS)

TSS, in terms of °Brix was measured by using a hand refrac-
tometer PAL-3 (Atago Co., Tokyo, Japan) with a scale range of
0-50 °Brix.

2.4.4. Electrical conductivity

Electrical conductivity was measured by 510 model pH meter
(OAKTON, LA, USA), using a special electrode to deter-
mine electrical conductivity. It was calibrated with KCI
0.1M solution; the electrical conductivity was expressed as
uSiemens cm~1! (uScm™1).

245. pH
pH was measured by 510 model pH meter (OAKTON, LA, USA).
It was calibrated with buffer solutions of pH 4 and 7.

2.4.6. Turbidity

Turbidity in samples was analyzed with HI93703 model Micro-
processor Turbidity-meter (Hanna instruments, Romania); it
was calibrated with patron solutions 0-1000 NTUs.

2.4.7. Total solids content (TSC)

Total solids content in samples was measured by the following
equation:

%Total solids content: 100 — %moisture (5)

where the moisture was determined by method 925.09 (AOAC,
1998).

2.4.8. Total organic carbon (TOC)

TOC was determined employing by Shimadzu equipment
(Model TOC-5000) expressed as mgmL~" (Akechi et al., 2008,
Patent No. WO2008114410A1).

2.4.9. Statistical analysis
All measurements on the physicochemical parameters
were performed in triplicate. Results were expressed as
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Table 2 - Physico-chemical composition of Nejayote before and after clarification with MF membrane.

Sample TSS (°Brix) TSC (%) Turbidity (NTU) pH Conductivity Total Polyphenols (mg TOC (mgL-1)
(nScm™1) carbohydrates gallic acid L-?)
(mgmL~")
Feed 1.53 +£0.05° 1.34 £ 0.05° 538.09 + 12.12° 13.48 £ 0.00°> 2424.00 + 5.29°  3.47 £ 0.09®  1190.74 + 23.62° 2984.10 + 0.94°
Permeate 1.3 £ 0.00¢ 1.02 + 0.06° 146.51 + 3.73°¢ 13.42 + 0.00°¢ 1896.66 + 0.57¢ 2.96 + 0.20° 964.81 + 20.47¢ 2845.5 £+ 0.77¢
Retentate 3.4 +0.10° 1.66 £ 0.122 1767.8 £+ 5.552 13.62 + 0.00* 2792.33 + 2.51? 4.51 + 0.042 1350.92 + 43.592  3620.4 + 0.91?

Data represents the means + deviation standard with triplicate for each test. Different superscript letters in the column indicate statistical
significance (p <0.05) according to the Tukey’s least significant difference test.

mean =+ standard deviation (SD), and one-way analysis of vari-
ance (ANOVA) were performed using SAS statistical software
(V6.0, SAS Institute S.A de C.V,, Mexico). Tukey’s multiple range
test was used to compare the means. Differences among the
means of p <0.05 were considered significant.

2.5.  Rejection toward each component by used
membranes

To determine the rejection (R;) of specific compound by the
membranes was determined as the following equation (Cissé
et al, 2011):

-

where Cp; and Cf; are the concentration of specific compound
in permeate and feed, respectively.

_ %) .
<t ) 100 6)

3. Results and discussion

3.1.  Nejayote composition

The general composition of Nejayote submitted to the MF
treatment is reported in Table 2. The pH value of the MF
feed was of about 13.48, higher value than 11.39 reported by
Valderrama-Bravo et al. (2012). On the contrary, the author
obtained higher values on turbidity (963 NTU) and electrical

conductivity (4510pScm~!) compared of 538NTU and
2424.0uScm~! that our study reported. The TOC values of
Nejayote were of about 2984.10 mgmL~? higher values than
reported by that study, which was reported as biochemical
oxygen demand. Basically, even when our study followed
the basic preparation instruction to carry out a common
Nixtamalization process, the physicochemical composition
of Nejayote depends of the lime quality, type of grain, grain
quality, cooking time, and some other parameters as were
reported by Gutiérrez-Uribe et al. (2010) and Ruiz-Gutiérrez
et al. (2010).

The content of polyphenols on Nejayote was of about
1190.74mgmL~" higher content than reported as the content
of low molecular weight polyphenols on other wastewaters
as artichoke wastewater of 516.7 mgmL~? (Conidi et al., 2014)
and olive mill wastewaters of 211.80 mgmL~! (Garcia-Castello
et al., 2010). Similar content compared to our study was
observed by Cassano et al. (2013), 1409mgmL-? in terms of
total polyphenols in olive mill wastewaters. On the other
hand, the content of total carbohydrates in Nejayote extract
was of about 3.47mgmL-! (expressed as glucose), a lower
value than other wastewaters. Nevertheless, Ayala-Soto et al.
(2014) confirmed that the sugars composition in Nejayote is
basically related to arabinoxylans, which are derived from
hydrolyzed maize fiber by the alkaline treatment, these types
of compounds are of interest due to their functionality on bak-
ing industry (Acosta-Estrada et al., 2014). Then, due to these

8
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Fig. 1 - Microfiltration of Nejayote. Time course of permeate flux and VRF (operating conditions: TMP: 1.3bar, Qs: 58Lh~1, T:

25+1°C).
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Table 3 - Water permeability, fouling index and cleaning efficiency of MF and UF membranes.

Membrane type Lpo (Lm~2h~!bar?) Lp; (Lm~2h'bar?) Lp, (Lm~2h 'bar?) If (%) CE (%)
MF 0.2 pm 751.66 581.13 750.36 22.68 99.82
UF 100kDa 61.82 7.69 61.39 87.55 99.29
UF 1kDa 2.32 1.45 2.32 37.50 100.00

characteristics Nejayote can be considered a by-product that
represents a very useful source of high added value com-
pounds (polyphenols and carbohydrates) of potential interest
in food additives and nutraceutical.

3.2.  MF membrane performance on Nejayote

Fig. 1 shows the productivity of the hollow fiber MF membrane
in terms of kg of permeate produced per unit area and time
(kgm~2h~1) in the treatment of Nejayote, in selecting operat-
ing conditions up to VRF of 7. The initial permeate flux was
of about 700kgm~—2h~1; it decreased during the process by
increasing the VRF due to the concentration polarization phe-
nomenon, fouling and concentration of solutes in retentate as
suspended solids, parts of grain (Acosta-Estrada et al., 2014)
and insoluble solids (as insoluble calcium) (Pflugfelder et al.,
1988). However, the initial permeate flux decreased slowly
and continued until to reach a steady-state value higher than
500kgm~2h-1; resulting in a time run of the separation pro-
cess by batch concentration configuration about 24 min. This
decline could be attributed to the continually removal of the
macromolecules on the membrane surface and the high pore
size of the membrane.

After enzymatic cleaning, the initial water permeability
(751.66 Lm~2h~1bar—1) of the MF membrane was almost com-
pletely recovered, the enzymatic cleaning step permitted to
recover 99.82% of the initial permeability of the membrane
(Table 3). A low fouling index in the membrane (22.68%) was
determined using Nejayote extract. Normally, the low fouling
on membrane surface by the treatment of solutions rich in

calcium is attributed to the formation and migration of pre-
cipitates (as Ca(OH);) that produce their free movement and
easy removal (Ayala-Bribiesca et al., 2006). However, taken into
account the incomplete recovery of the initial water perme-
ability of the MF membrane by the treatment of Nejayote, from
an internal pore blocking to a cake formation can be supposed
due to the presence of large pore size can permit the pene-
tration of particles in the internal structure of the membrane
causing an irreversible fouling (Cassano et al., 2007).

3.3. UF membrane performance on Nejayote

The MF permeate was processed by using two different UF
membranes. Fig. 2 shows the productivity of the hollow fiber
UF membrane (100kDa) in terms kgm~2h~! in the treatment
of Nejayote permeate from MF step, in selecting operating
conditions up to VRF of 6. The initial permeate flux was
of about 22kgm~2h-1; it decreased rapidly within the first
10min and continued to decrease until to reach a produc-
tivity higher than 10kgm=2h~1. The initial permeate flux
continually decreasing during the process by increasing the
VRF due to the concentration polarization phenomenon, foul-
ing and concentration of solutes in retentate associated to
the separation of the suspended solids and carbohydrates.
After enzymatic cleaning, the measure of the permeability
(61.82L m~2h~'bar?) on the 100kDa membrane was almost
completely recovered, the membrane presented a high foul-
ing index (87.55%). The enzymatic-cleaning step permitted to
recover 99.29% of the initial permeability of the membrane
(Table 3), in this process also can be supposed from an internal

25 r7
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20 1 s
i r5
I
t ]
= 15 III!I"..III . .
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o
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10 1 5 ©
‘cb“:v 2
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Fig. 2 - Ultrafiltration (100 kDa) of Nejayote. Time course of permeate flux and VRF (operating conditions: TMP: 1.3 bar, Q;:

58Lh-1, T: 25+ 1°C).
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Fig. 3 — Ultrafiltration (1kDa) of Nejayote. Time course of permeate flux and VRF (operating conditions: TMP: 1.7 bar, Qs:

58Lh~%, T: 25+ 1°C).

pore blocking to a cake formation in the membrane by the
particles causing an irreversible fouling as well as incomplete
recovery of the initial permeability (Cassano et al., 2007).
Furthermore, Fig. 3 shows the productivity of the hollow
fiber UF (1kDa) membrane with Nejayote permeate from UF
(100kDa) step in selecting operating conditions up to VRF
of 5. The initial permeate flux was of about 0.9kgm=—2h~1;
it decreased during the process by increasing the VRF due
to the concentration of solutes in retentate as soluble solids
(soluble calcium) (Pflugfelder et al., 1988) and polarization
phenomenon. The initial permeate flux decreased immedi-
ately within the first 15-20min and continued to decrease

until to reach a steady-state value higher than 0.7kgm—2h?;
this decline can be attributed to the rejection of the soluble
components in the aqueous system. After enzymatic clean-
ing, the initial water permeability (2.32Lm~2h~1bar ) of the
UF membrane was totally recovered, the enzymatic cleaning
step permitted to recover 100.00% of the initial permeability of
the membrane (Table 3), the complete recovery of the initial
water permeability can be supported by a fouling: partial pore
blocking where the particles can block/unblock the pore of the
membrane and it can be removed easily (Cassano et al., 2007).
In addition, low fouling index in the membrane about 37.5%
was determined. In this membrane the rejection of soluble

14 l
. 6 8 8 8 8 a
13
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T AMFO0.2
o
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107 OUF 1 kDa
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8 4
7
1 2 3 4 5 6 7
VRF

Fig. 4 - pH evolution in permeate fractions of MF and UF membranes as a function of VRF.
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calcium can be produced the same phenomenon described by
Ayala-Bribiesca et al. (2006). Moreover, the wastewater treated
is an extract with a high alkalinity degree and it can act as
a chemical cleaning in membranes, a variety of alkalis are
used in the food industry as cleaning agents such as hydrox-
ides, phosphates, sulphates and carbonates usually of sodium
and phosphorus but the calcium-complexes can support the
hydrolysis and solubility of specific compounds as carbohy-
drates, fats, or proteins (D’Souza and Mawson, 2005).

Basically, the incomplete recovery of the initial perme-
ability of some membranes is attributed to an irreversible
component of fouling; the polyphenols are able to be absorbed
on the surface of the membranes as reported by Saleh et al.
(2006) and Sotto et al. (2013). Nevertheless, it can see that the
membranes are beneficiaries in terms of recovery of the ini-
tial permeability due to the extremely properties on pH of the
Nejayote.

3.4.  Influence of integrated membrane process on
Nejayote physico-chemical composition

pH analysis in Nejayote samples coming from the integrated
membrane process revealed a decreased on this property. Fig. 4
shows the pH evolution in permeate fractions from MF and
UF membranes on function of VRF. Basically, MF and (100 kDa)
UF membranes do not show interesting changes on the prop-
erty, minimal changes were found after treatment from these
steps. In the first step, permeate with pH of 13.42 was obtained
from the extract with pH of 13.48. Similarly, permeate obtained
from the (100 kDa) UF membrane presented a pH value of 13.37
(see Table 4). Even, the retentates from these steps do not
show a considerable increase in pH by the concentration of the
components related of this property. In addition, Fig. 4 shows
immediate changes on 1kDa permeate, pH values started to
decrease at VRF of 2 and during the evolution of the process
the values continuously decreased up to pH values around 9.0.
A reduction of this property can be attributed of the rejection
of dissolved soluble calcium by this membrane (Pflugfelder
etal., 1988). The extremely pH of the Nejayote can be useful in
terms of productivity in the membranes due to there is strong
evidence that high pH values increase the permeate fluxes,
this phenomenon was observed by Akdemir and Ozer (2009)
in the treatment of alkaline wastewater using polysulfone UF
membranes.

In addition, Fig. 5 shows the electrical conductivity behav-
ior of the extract over integrated membrane process on
function of VRF; the decreasing of the pH values by removal of
the calcium components was confirmed. The decline of these
components on the Nejayote influenced on the changes of pH
property directly associated to the electrical conductivity of
the stream. High electrical conductivity of the calcium hydrox-
ide in aqueous solution was demonstrated by Safavi and
Nakayama (2000), and itis directly related to the concentration
of dissolved solids in water. UF (1kDa) membrane demon-
strated as the suitable membrane to removal the soluble
calcium in this wastewater. The initial electrical conductiv-
ity of Nejayote was about 2424.00 uScm~! (see Table 2) and
the final permeate from 1kDa membrane was 874.33 pScm™?
(see Table 4), it means, a 64% of this property was decreased
in the permeate stream and increased in retentate samples
(3924.33 pScm™1).

Fig. 6 summarizes rejection values obtained for Turbid-
ity, TSS and TSC. Basically, MF and UF (100kDa) membranes
are the suitable membranes to removal turbidity on Nejayote,
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5.6 + 0.64 4
1379.0 + 24.242
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3.06 + 0.05%

Permeate

UF (100kDa)

7.72 £ 0.032 958.33 £+ 12.10 © 6972.00 + 2.38 2
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Feed
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Data represents the means + deviation standard with triplicate for each test. Different superscript letters in the column indicate statistical significance (p <0.05) according to the Tukey’s least significant difference

test.
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Fig. 5 — Electrical conductivity evolutions in permeate fractions of MF and UF membranes as a function of VRF.

rejection values more than 70% and 95% were reached, respec-
tively. The feed samples in MF process presented turbidity
values around 538 NTU (see Table 2) and the permeate sam-
ples presented turbidity values about of 146 NTU, the turbidity
removed by MF membrane is associated to the suspended
solids, parts of the grain and insoluble components due to
the decline on TSC content (from 1.34 to 1.03%) and on TSS
(from 1.53 to 1.3°Brix) which represent higher rejection val-
ues than 22% and 35%, respectively (Fig. 6). On the contrary,
feed samples in 100kDa membrane reported 145.6 NTU and
permeates obtained from this membrane presented 5.6 NTU

100 =

70

Rejection (%)
8

1

TSS Turbidity

(Table 4). Basically, the removal mechanism of these macro-
molecules by MF module with large pore size is governed by
the separation via sieving mechanism, based on their molec-
ular weight where the retention is absolutely carried out by
the barrier as well as the fouling mechanism produced by the
macromolecules (Todisco et al., 1996; Galanakis, 2014). The tur-
bidity removed by 100 kDa membrane can be related to the
total carbohydrates because the components were rejected
more than 64% of them (obtaining a concentrated retentate
with 7.72mgmL-1), it means, 3.02mgmL-! was decreased
up to 1.09mgmL~! in permeate; in case of carbohydrates

=MF
UF 100 kDa
UF 1kDa

<

-

Lol

Polyphenols Total TOC

Carbohydrates

Fig. 6 - Rejections of MF and UF membranes toward TSS, TSC, turbidity, polyphenols, total carbohydrates and TOC.
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T$S:183.60 g
Carb41.85g
TOC:35,989.15 mg
Poly:14,360.68 mg

Feed

TSS:134.08 g
Carb:30.84 g
TOC:29,664.94 mg
Poly:10,051.57 mg

Permeate

UF
100 kDa

|

TSS:Total soluble solids
Carb:Carbohydrates
TOC:Total organic carbon
Poly:Polyphenols.
TSS:68.48 g TSS: n.d (0)
Carb:3.96 g Carb:0.79g
TOC:17,054.43 mg TOC:6,636.65 mg
Poly:8,269.11 mg Poly:6,570.06 mg

Permeate

UF

Permeate

Retentate Retentate Refentate
TSS:17.20 g TSS:36.759 TSS:67.419
Carb:7.62 g Carb:24.86 g Carb:2.40 g
TOC:6,116.23 mg TOC:11,882.29 mg TOC:6,996.81 mg
Poly:2282.22 mg Poly:1,884.33 mg Poly:1,693.62 mg

Fig. 7 - Permeate and retentate samples obtained from the treatment of Nejayote by integrated membrane process.

retention by UF modules with wide membrane pore
(100-50kDa), the membrane material and the type of macro
and micro-molecules can play an important role where
the separation process seems to be simple in theory since
membranes are able to separate compounds via sieving mech-
anism, based on their molecular weight. However, this is
not the case in practice, as the asymmetric manufacture of
membrane pores does not always reflect a narrow range of
molecular weight cut-off (MWCO). The effect of the latest
parameter attenuates when the solubility of the solutes and
the hydrophobicity of the membrane surface are incorporated;
thereby, MWCO is not an absolute barrier for the separation of
macro- and micro-molecules such as sugars, carbohydrates,
hydrolyzed dietary fibers where all these factors can produce
that micromolecules can be retained and increase the total
retention (Galanakis, 2014). The 1kDa membrane also can be
used to removal low molecular weight carbohydrates because
more than 75% no rejected by 100kDa membrane. However,
the major concentration in carbohydrates was achieved by
100 kDa membrane. In addition, the major amounts of compo-
nents rejected by 1kDa membrane were soluble compounds
such as total soluble solids and soluble calcium, Table 4
shows the TSC and TSS content in feed samples, 0.79% and
0.8 °Brix, respectively, the final permeate from this membrane
presented values about of 0.17% in TSC and TSS was No deter-
mined (value close to 0), the rejections of these components
were of 100% and higher value than 70%, respectively (Fig. 6).
High rejections on TSS and TSC (associated to the calcium
compounds and Ca** ions) can be carried out by 1kDa mem-
brane due to these narrower membrane pores are considered
as a Nanofiltration barrier (Galanakis, 2014). The separation
is conducted by the solute solubility, polarity resistances and
membrane hydrophobicity where last facts produce several
process restrictions. Conidi et al. (2012) reported higher rejec-
tion of Ca** from orange press liquor using 1kDa membrane.

Concerning about total polyphenols content, Fig. 6 shows
the rejection of the membranes toward total polyphenols.
Rejection values were about 18%, 2% and 1.9% for MF,

100 and 1kDa membranes, respectively. It is clear that the
used membranes cannot reject considerable amount of these
components due to their molecular weight; however, the
membranes rejected significant polyphenols content due to
the concentration polarization phenomenon, fouling (asso-
ciated to a cake formation) and also by the concentration
of solutes in retentate (Cassano et al, 2007). In addition,
high rejection in polyphenols by MF membrane can be
attributed to the precipitation of a calcium-organic com-
plexes that are co-precipitated or absorbed occurs at higher
pH values (Al-Amoudi and Lovitt, 2007). These products may
be contributing to the rejection of polyphenols and it can
be considered them as a barrier as well as contribute to
the cake formation. It can see that 951mgL~! (Table 4)
from 1190mgL~! of the initial content of feed sample from
integrated membrane process was recovered in permeate
from 1kDa, it means, a clarified solution rich in polyphenols
was obtained. The low molecular weight of polyphenols no
allowed to be rejected by 1kDa membrane; Cassano et al.
(2013) also observed a low rejection of polyphenols using 1kDa
membrane; so the same, the polyphenols were recovered in
permeate stream.

Finally, Fig. 6 summarizes rejection values obtained for
TOC in different steps of the integrated membrane pro-
cess, rejection values of 4.6, 32.1 and 79.9% were reached
with the treatment of Nejayote by membrane operations, the
final permeate from the system (1kDa permeate) obtained
about 380mgL-! from 2984mgL-! (Tables 2 and 4) in MF
feed samples. Basically, the final organic load of the final
permeate from 1kDa membrane could be associated to the
total polyphenols recovered from all integrated membrane
system.

3.5.  Proposal of an integrated membrane
process for the treatment of Nejayote

Fig. 7 shows a picture of permeate and retentate samples
obtained in the treatment of Nejoyate with the selected
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Retentate Suspended solids,
(1.68 kg) parts of the grain,
—3  Macromolecules,
Insoluble calcium
Feed Permeate
Lime water (12kg) MF (10.31 kg)
(Nejayote) >
Retentate
(1.75 kg) UF
Food additives € Total carbohydrates <
100 kDa
Permeate
(8.56 kg)
Retentate l
Soluble calcium, (1.69kg) UF
A S —
Total soluble solids 1KDa
Permeate
(6.86 kg)

Fractionation by
NF membranes

<€——— Polyphenols

————— Concentration by
RO

Fig. 8 — Proposed process scheme for the valorization of Nejayote based on MF and UF operations.

membranes. The 1kDa permeate resulted a clear solution with
high content of phenolic compounds suggesting a potential
use for several applications as cosmetic, food, and pharma-
ceutical formulations. i.e. polyphenols are widely used by
pharmaceutical, cosmetic and food sectors (Garcia-Castello
et al., 2010) due to their properties such as anti-inflamatory,
antimicrobic and antioxidant activity as well as inhibition of
oxidative damage and the radical elimination (Ranalli et al.,
2003; Bisignano et al., 1999; Obied et al., 2005). These com-
pounds are usually synthesized by chemical methods that
are responsible of their high price as well as their low yields
obtained (Conidi et al., 2014). On the other hand, an integrated
membrane process can be used for the fractionation by NF
membranes or concentration using Reverse osmosis. In case of
total carbohydrates identified as arabinoxylans could be used
in food additive applications for their common utilization on
bakery industry (Acosta-Estrada et al., 2014); and calcium com-
ponents can be reused in the Nixtamalization treatment of
maize as calcium hydrated (Valderrama-Bravo et al., 2012).

On the basis of experimental results, a process scheme
for recovering water, phenolic compounds, total carbohy-
drates and calcium components from Nejayote is suggested
(Fig. 8). Integrated membrane processes reported in litera-
ture for selective fractionation of polyphenols from different
wastewaters such as Olive Mill Wastewaters (Cassano et al,,
2013; Garcia-Castello et al., 2010; Paraskeva et al., 2007) and
Artichoke wastewaters (Conidi et al., 2014) include several
membrane processes as final step to produce a permeate frac-
tion (water) with quality characteristics that make it possible
to be discharged in aquatic system. Nevertheless, based on
these results obtained and with the proposed membrane pro-
cess without additional step give a strong evidence that the
treatment contribute to avoid the water and environmental
pollution by the recovery of chemical components from the
extract.

4. Conclusions

The investigated process based on MF process followed by
two UF processes, permits to operate a separation of Nejay-
ote where was separated organic and inorganic compounds of
different molecular weight. Basically, four different fractions
are produced:

1. A concentrated solution rich in suspended solids, parts of
the grain and macromolecules (MF retentate): this fraction
could be used as feed on livestock or can be used as carbon
source to a biotechnological process in order to pro-
duce biogas, bioethanol or other type of biotechnological
products.

2. A concentrated solution rich in carbohydrates (100 kDa UF
retentate): this fraction can be used to food additives.

3. A concentrated solution containing components of soluble
calcium (1 kDa UF retentate): this fraction can be reused in
the Nixtamalization process of maize.

4. A clear solution enriched in polyphenols (1kDa UF per-
meate): this fraction could be used in cosmetic, food, and
pharmaceutical industries as well as liquid formulations
after fractionation by NF membranes or concentration by
reverse osmosis.

Finally, the treatment of Nejayote by membrane process is
areal possibility to avoid the water pollution through fraction-
ation of this stream. In addition, the treatment represents an
environmental solution in order to decrease the biochemical
oxygen demand.
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